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III. ROOM TEMPERATURE HARDNESS/CREEP RESULTS
3.1 Vickers Indentation Studies of Single Crystal Y-CSZ
For the single crystal samples, the indenter diagonals
were oriented along either the <110> or <100> direction on the
{100} wafer surface. In the subsequent discussion, these will
be referred to as <110> and <100> indentations respectively.
Hardness testing was conducted at an indentation load of 300g,
and indentation times of lOs, 100s, 1000s, 10000s and 50000s
(unless otherwise noted). Spacing between indentations was at
least 300 microns, to prevent the overlap of deformed area
between indentations. In general, both diagonals of the
Vickers impression were measured, whereas only the long
diagonal of the Knoop indenter was measured. Measurements
were made from SEM micrographs, with approximately 5-9 indent
measurements averaged for each dwell time. For greater
accuracy, the exact magnification on the micrographs was
calibrated with the aid of latex spheres. Five latex spheres
were averaged for each magnification.
3.1.1 Vickers Crack Configuration
3.1.1.1 Vickers <110> Indentations
Vickers <110> oriented indents appear as shown in Figure
9a (300g load). Long cracks emanate from the indent corners
and appear to follow the <110> trace without deviation. This
is expected behavior for brittle materials since the indent
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corners are areas of high stress concentration.
3.1.1.2 Vickers <100> Indentations
Vickers indents oriented with diagonals along the <100>
direction on the single crystal Y-CSZ {100} surface are shown
in Figure 9b (300g load). Cracks are visible emanating from
the indent corners, following the <100> trace. These cracks
are shorter than the corresponding <110> indentation cracks.
However, cracks also originate in an area half-way along the
indent edge, following the <110> direction. These cracks,
which are labelled "c" are shown in Figure 9b. This type of
cracking, which will be referred to as "c" type cracking, has
also been observed by Pajares et al. [13] for high indentation
loads (most commonly at loads greater than 2 N). The <110>
trace crack may be associated with a crack lying parallel to
either {111} or {110}, since in both cases the crack plane
would intercept the {100} surface along the <110> direction
(Figures lOa and lOb). The assumed preferred cleavage plane
for Y-CSZ is the {111} plane [38], [39] since it has the CaF2
structure. However, there is considerable evidence in this
study and others that defines the {110} plane as the cleavage
plane for Y-CSZ. This will be described in Chapter 4.
3.1.2 Room Temperature Hardness/Indentation Creep
3.1.2.1 Vickers <110> Indentations
The indentation size measurements for the <110>
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orientation indentation creep studies exhibited a great deal
of scatter. Unfortunately, few indent measurements could be
recorded (on average, 3 per dwell time) due to cracking at the
indent corners. Because of the extensive scatter, no
conclusions could be reached as to whether indentation creep
occurs for the Vickers <110> indentations.
3.1.2.2 Vickers <100> Indentations
The short time hardness values for <100> indentation
matched those for <110> indentation (approximately 13.5 GPa) .
This absence of Vickers hardness anisotropy has been reported
elsewhere [13]. Reliable creep data was even more difficult
to obtain for <100> indentation than <110> indentation due to
localized fracture of the indent impressions (i.e. fragments
of the indent impression popped out of samples as a result of
radial and lateral crack interaction) .
3.1.3 Slip Lines
3.1.3.1 Slip Lines Surrounding Vickers Impression
The areas marked "X" in Figure 11a and lIe show slip
lines surrounding the room temperature <100> Vickers indent
impressions. Both low (room temperature) and high temperature
(500°C and 1000 0 C) indentation slip lines appear to be aligned
in the <100> direction on the {100} surface (as described in
Chapter 5). The lines appear to follow the <100> direction
initially near the edge of the impression, and then curve
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towards the indent corner radial cracks. Figures 12a and 12b
show the possible <100> oriented slip trace that would result
on the {100} surface plane due to slip on the {100} and {110}
planes, respectively.
3.1.3.2 Slip Lines inside Vickers Impression
Figures 11a & 11b show what appear to be slip lines, in
the interior of the Vickers impression, aligned in the <110>
type directions (area labeled "Y"). These slip lines may be
associated with slip along the {111} planes as described in
Figure 12c. However, <110> indent impressions do not contain
distinct slip lines, as shown in Figure 13a. Slip probably
occurs in this orientation, but it is not as pronounced as in
the <100> indentation (see Figure 13b).
3.1.4 TEM Results for <100> Vickers Indentation
For loads as low as 109, the <100> indent impression
still portrays directionality in surface texture as captured
in area "Y" of Figure 14a. What appears to be a small slip
line at the indent edge, coming out of the impression, is
marked "S" in Figure 14b. This slip line follows the <100>
direction and can be associated with {100} or {110} slip
according to the argument in Figures 12a and 12b. Burgers
vector analysis would have been useful to determine the room
temperature slip system. However, single dislocations were
not available for analysis.
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3.1.5 Discussion
Determination of the room temperature creep behavior of
Y-CSZ was not possible using Vickers indentation due to the
extensive cracking associated with the Vickers geometry under
a 300g load. A lower loading was not employed due to results
in the literature which suggest that high indentation loads
are necessary to eliminate surface effects [7] [29]. However,
the sensitivity of the radial crack configuration to the
indent orientation for the Vickers indenter allowed for
crystallographic orientation of the Y-CSZ (Figure 6). Slip
lines at room temperature were also created with a Vickers
indent (they were not observed using Knoop indentation).
These slip lines are key to the understanding of room
temperature creep.
Room temperature slip should occur along the {100}<011>
system according to the results of Hannink and Swain [10].
The <100> orientation of slip lines suggests {100} slip or
{110} slip as described in Figure 12a and 12b, respectively.
The possibility of {110} slip in Y-CSZ, (even at elevated
temperatures) has not been reported in the literature [32].
Therefore, it is reasonable to conclude that in the region
external to the indent, the <110>{100} slip system prevails.
However, for the region inside the indenter impression, slip
lines are oriented in the <110>. Because these lines/faults
are consistent with <110>{111} slip (Figure 12c), it is
postulated that this system may be possible at room
25
temperature due to the large hydrostatic stress that the
material experiences ·under the indenter during indentation.
Since {111} slip was observed at temperatures as low as 400°C
by Morscher et ale [32], {111} slip at room temperature is
plausible.
3.2 Knoop Indentation Studies of Single Crystal Y-CSZ
3.2.1 Knoop Crack Configuration
3.2.1.1 Knoop <110> Indentations
Knoop indentation along the <110> resulted in severe
cracking under 300g loading. Two cracks are associated with
each corner of the long diagonal of the indent impression as
shown in Figure 15b and 15d. Occasionally a singular crack
emanates from each corner of the short diameter of the
impression. Both types of cracks do not appear to
consistently follow any particular crystallographic direction.
3.2.1.2 Knoop <100> Indentations
Less cracking at the indent corners was associated with
the <100> indentation as shown in Figures 15a and 15c. Cracks
originating from the long indent diagonal corners appear to
follow the trace of the <110> direction, while those emanating
from the short diagonal, follow the direction of the diagonal
«100» •
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3.2.2 Room Temperature Hardness/Indentation Creep
3.2.2.1 Knoop <110> Indentations
Extensive cracking was associated with <110> indentation
and the hardness measurements exhibited significant scatter.
Hardness measurements (SEM) show a short time hardness (lOs)
of approximately 11.43 +/- .26 GPa. Despite the large data
scatter (Figure 16), it can be seen that indentation creep
does occur, i.e. hardness decreases with increasing
indentation dwell time.
3.2.2.2 Knoop <100> Indentations
The <100> indentation at short times show an average
hardness value of 11.61 +/- .23 GPa. As expected the <100>
indents have a higher hardness than the <110> indents. Figure
16 shows decreasing hardness values with increasing dwell time
(lOs to 50,000s) for the <100> indentation, which signifies
room temperature indentation creep. <100> indentation creep
is more extensive than <110> indentation creep.
3.2.3 Indentation Creep: Environmental Conditions
As mentioned earlier, indentation creep experiments were
also performed in other environments. We chose to use the
Knoop indenter, oriented in the <100> direction on the {100}
surface in both vacuum and wet conditions. Less cracking was
associated with this orientation and choice of indenter, hence
allowing more accurate measurements of indent size.
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Vacuum conditions were obtained using a Nikon Hot
Hardness Tester, which provides a vacuum of 10-5 torr. To
obtain wet conditions, the sample was first placed in a petri
dish and oriented with respect to the indenter. The long
diagonal of the Knoop indenter impression was placed parallel
to the <100>. Several dry indents were obtained under these
conditions to determine if the petri dish provided a flat
enough surface for hardness testing. The sample was held in
place by indentation for 1 minute, while deionized water was
poured into the dish, immersing the sample. Sample immersion
in water was maintained throughout the period of indentation
testing by periodic additions of water.
Figure 17 compares the indentation creep behavior in
vacuum and ambient atmospheric conditions. The sample held
under vacuum, experienced minimal creep behavior compared to
the sample indented in air. For the three sets of conditions
studied, room temperature indentation creep was most
pronounced for samples tested at either ambient or wet
conditions (Figure 18). Since the "wet" and "air" creep data
agree within experimental scatter, we may infer that
Y-CSZ exhibits similar indentation behavior under these
conditions.
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3.2.4 Discussion
At first sight, the possibility that indentation creep
occurs in Y-CSZ at room temperature is difficult to accept
since at these temperatures dislocation motion should be
)
extremely limited. However, not only has room temperature
indentation creep been observed in zirconia, but in other
single crystal materials as well (Chapter 1). Cross-slip, the
movement of dislocations from one slip plane to another, has
been observed in Y-CSZ at temperatures as low as 400°C [34].
It has also been labeled as the rate controlling creep
mechanism at temperatures of 1300°C [32]. However, evidence
of room temperature cross-slip is yet to be determined.
Environmental conditions can be a contributing factor
towards the occurrence of indentation creep at room
temperature, since in vacuum Y-CSZ does not exhibit
indentation creep. Surface adsorption of water affects the
deformation behavior of ceramics as described by Walker [29] ..
However, this is common only for indentation data obtained at
low loads (3 to 25 g) where surface effects dominate.
Variations in oxygen or water partial pressure during creep is
another environmental effect that could possibly alter the
defect chemistry of ceramics, and allow for room temperature
creep [14].
Another possible explanation for room temperature
indentation creep is dislocation-charge effects. Y-CSZ as an
ionic crystal, may contain charged dislocations. The
29
coulombic repulsive and attractive electric fields in the
crystal may affect the charged dislocations enough to become
the rate-controlling mechanism in room temperature indentation
creep [29].
One common argument, that questions the validity of
indentation creep in Y-CSZ, concerns the cracks surrounding
indent impressions in brittle materials. What if indentation
creep appears to occur due to these cracks widening with dwell
time, allowing the indenter to sink into the material further?
This should be especially true when the indenter is oriented
along the cleavage plane as it is in the <110> orientation. To
answer this question an analysis of crack lengths is shown in
Figure 19. The short time and long time crack length values
were measured and compared for both "A" type and "B" type
cracks. The short time values for the "A" type cracks agree
with the long time values. Therefore, the cracks marked "A"
did not appear to grow significantly with time. However, the
scatter in cracks marked "B" was large thus rendering it
difficult to assess whether these cracks grew with time.
However, Figure 20 shows that the long time indent is larger
than the short time indent and the area of the indent
impression appears plastically deformed, not cracked open.
The room temperature Vickers impression showed slip lines
that resulted from {100} slip. Therefore, for room
temperature creep to occur these slip lines should multiply
with time to allow for time dependent deformation. However,
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slip lines could not be observed near the Knoop impression
either using the Normaski technique (Optical microscopy) or
conventional SEM techniques. It is possible that other
techniques (i.e. Field Emission Gun Electron Microscopy, low
voltage conditions for uncoated sample) could make this
information available. This would be very valuable since an
analysis of these slip lines could provide the missing link to
how room temperature creep occurs.
31
I
V. Determination of Cleavage Plane using Vickers Indentation
5.1 Indent Cross-section Method
To determine the cleavage plane, cross-sections of <110>
{100} oriented Vickers indents were studied. Y-CSZ wafers
({100} surface) were indented (300g) in the <100> and <110>
orientation. In each case, a narrow block of crystal
containing the row of indents was cut from the main wafer with
the long edges parallel to <110> (Figure 21a and 21b). The
exposed {110} faces were then polished to a 3 ~m finish to
make them transparent. Transmission optical microscopy
(polarized light) was then used to observe (in cross-section)
the crack plane corresponding to the radial cracks for the
<110> indent (Figure 22a) and the "c" crack for the <100>
indent Figure 22b. In both cases, the crack plane was
observed to be normal to the surface, and corresponded to the
{110} plane (see Figures 22 and 23). Clearly, therefore, the
{110} plane is the cleavage plane, since there is preferred
cleavage along this plane for both indent orientations.
5.2 Fracture Toughness Method
To reaffirm that the cleavage plane is the {110} plane
for Y-CSZ, fracture toughness data (using the indentation
technique) was obtained for indents oriented as shown in
Figure 24a, 24b and 24c. The purpose of the various indent
orientations was to compare crack lengths and hence toughness
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values for cracks propagating along the {111} and {110} planes
(see Figure 24b and 24c). Clearly the preferred cleavage
plane will exhibit the lower toughness value. The
relationship used to calculate toughness (K1C ) values from the
corresponding cracklength values was as follows:
K1C = x- (E/H) 1I2_p-C-312
where X = 0.016 [40], a dimensionless geometrical constant.
E is the elastic modulus
H is the hardness
P is the indentation load
C is the crack length
(The value of (E/H)112 was taken to be 4.7 [13]
The results of the crack length measurements and the K1C
values are given in Figure 25 (Figure 26 shows actual
indentation cracks). K1C for the {110} plane was determined
to be 1.10 +/- .05 MFa-ml12 , whereas K1C for the {Ill} plane was
1.48 +/- .07 MFa·m1l2 • The K 1C values for the {110} plane were
in very close agreement with those determined by Pajares et
ala [13].
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VI. High Temperature Hardness/Indentation Creep
6.1 Single Crystal Y-CSZ
The Vickers indentation creep behavior of single crystal
Y-CSZ was investigated at elevated temperatures of 500°C and
1000°C. <100> indentation was performed for dwell times of
lOs, 100s, 1000s, and 10,000s, at temperatures of 25°C, 500°C
and 1000°C. These experiments were performed using a Nikon
Hot Hardness machine under vacuum conditions (10-5 torr).
Indent measurements were performed on a LECO Hardness Tester
(400X Objective), using a Digital Measuring Microscope.
6.1.1 Crack Configuration
Slip lines oriented in the <100> directions are clearly
visible surrounding the Vickers indent for both 500°C and
1000°C creep results (see Figures 27 and 28). It was observed
that "c" type cracks and corner cracks were more cornmon for
the 500°C indentations than the 1000°C indentations. This is
consistent with the work of Morscher et al. [32], who
determined a brittle-to-ductile transition temperature of Y-
CSZ at 800°C. Compared to the room temperature indents, the
500°C indents have longer cracks. The damage zone (slip
lines) appears to extend further out from the indent for the
lOOOoC impressions compared to the 500°C impressions. Figures
27 and 28 also show that with increasing dwell time the
deformation zone increases in size and the slip bands become
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deeper and more distinct.
6.1.2 Indentation Creep
Indentation creep occurs at 500°C as shown by the larger
size indent observed in Figure 29b (10,OOOs dwell time)
compared to that in Figure 29a (lOs dwell time) . Figure 30a
and 30b show 1000°C hardness impressions at dwell times of lOs
and 10,OOOs, respectively, where indentation creep is not
observed. These results are summarized in Figure 31, in
combination with room temperature results. Note the decrease
in short time hardness with increasing temperature which is
expected as the material becomes softer and has been shown
elsewhere [41].
6.1.3 Discussion
For <100> Vickers indentation at 500°C and 1000°C, it is
postulated that the surface slip lines aligned along the <100>
type directions are a result of {100}<110> slip (Figure 12a) .
According to Morscher et ale [32], {111} slip (as well as
{100}) should occur at temperatures between 400°C to 1000 o C.
However, well defined slip traces parallel to <110> which
would be consistent with <110>{111} slip were not observed.
Although, the <100> oriented slip lines do curve towards the
<110> in areas near the corner cracks, this bending of slip
lines, (which is also present at room temperature [Chapter
3]), may be a result of the formation of dislocation loops as
3S
described by. Morscher et al. [32].
Indentation creep in Y~CSZ is apparently non-existent at
lOOO°C. This does not follow the general trend that most
materials exhibit; namely that at higher temperatures the
creep rate increases. However, results on the creep behavior
of U02 , which has the CaF2 structure, show that indentation
creep is reduced with increasing temperature [29]. U02
exhibited indentation creep at room temperature (lOOg),
however, at 200°C this effect virtually disappears. As certain
dislocations begin to interact with increasing temperature,
they become sessile. Sessile dislocations can act as barriers
to the movement of other dislocations, and cause a work
hardening effect that can increase resistance to deformation
[32], [42] .
The results of the present study revealed that lateral
cracks and corner cracks were longer for 500°C indents than
for indents at room temperature. Similar observations were
made by Morscher et al. [32], who suggested longer cracks are
formed due to the increased elastic/plastic mismatch,
resulting from the increase in plastic zone size.
As depicted in Figure 28, the slipped region surrounding
lOOOoC indentations is more extensive than for 500°C
indentations (Figure 27). This is a somewhat expected result,
since at higher temperature the material is softer, and a
larger deformation region is associated with indentation since
deformation is easier. As mentioned earlier the plastic zone
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increases with temperature according to the analysis of
Morscher et ale [32]. Also, slip bands become deeper and more
distinct with increasing dwell time, most likely due to more
extensive slip with" increasing time. This agrees with results
obtained by Teracher et ale [34] and Martinez-Fernandez et ale
[33] which attributes creep behavior to dislocation motion
through cross-slip at 400°C and 1330°C.
6.2 Polycrystalline Y-CSZ
6.2.1 Indentation Creep
Polycrystalline samples were tested using the same test
equipment and conditions as were used for the single crystal
samples. The only exception is that additional readings at
1200°C were taken for dwell times of lOs, 100s and 1000s.
Indentation creep of polycrystalline Y-CSZ took place at
500°C, 1000°C and 1200 0 C (Figure 32), with creep rates
increasing with increasing temperature. No indentation creep
was observed at room temperature. At room temperature,
cracking associated with indentation occurred transgranularly
(Figure 33a). At elevated temperature (1400°C) indentation
cracking occurred intergranularly (Figure 33b), and fewer
cracks were observed compared to room temperature indentation.
However, as noted for single crystal Y-CSZ indentation, at
short times, room temperature indentation cracks are shorter
than those at 500°C (Figure 34a).
The effect of long indentation dwell time at 500°C
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(Figure 34) and 1200°C (Figure 35) on deformation was
significant. Indentation size increased with dwell time at
500°C (Figure 34). However, at 1200°C, indentation size
increased dramatically and a deformation region surrounding
the indent began to expand with dwell time. This deformation
zone appears to involve the movement of individual grains,
which was most significant nearest the indent.
6.2.2 Discussion
Comparison of the single crystal and polycrystalline Y-
CSZ indentation creep results, indicates that single crystal
Y-CSZ exhibits somewhat novel creep resistance properties at
1000°C. Martinez-Fernandez et ale [33] mentioned that Y-CSZ
single crystals exhibit greater creep resistance than
polycrystalline material, but did not explain why. One
possibility, as mentioned earlier, is that certain dislocation
interactions in the single crystal material may impede
deformation (work hardening) [32], [42] and reduce the effects
of creep (deformation with time). The question remains as to
what mechanism (s) dominate creep in polycrystalline Y-CSZ.
Because grains almost "popped out" of the material surrounding
the indented region at 1200 °c, there must be significant
grain movement. Unfortunately, the results obtained were not
sufficiently detailed to allow us to draw any definite
conclusions. We may postulate though that since the
polycrystalline samples exhibit extensive creep, at
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temperatures single crystal samples do not, structural effects
such as a low melting point phase, pore rearrangement
(densification) and grain boundaries sliding must dominate.
Some of these mechanisms have been reported by Knight and Page
[35], to describe polycrystalline Y-CSZcreep behavior.
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VII. CONCLUSIONS
o Y-CSZ (single crystal) exhibits indentati~n creep for both
<100> and <110> Knoop indentations on the {100} surface plane
at room temperature. Indentation creep in Y-CSZ appears to be
related to environmental factors since it was less pronounced
when testing under vacuum (10-5 torr) conditions.
o Indentation at elevated temperatures was useful in
comparing the hardness and creep behavior of single crystal
and polycrystalline Y-CSZ. Single crystal material showed
resistance to indentation creep at 1000°C (due to work
hardening effects), but crept significantly at 500°C.
Polycrystalline material, however, exhibited extensive
indentation creep at 500°C, 1000°C and 1200°C, but did not
creep at room temperature.
o Vickers indentation at temperatures up to 1000 0 C results in
slip lines in single crystal Y-CSZ, which can be attributed
predominantly to {100}<Oll> slip. For room temperature
indentations, slip traces inside the indent indicate the
possibility of {111}<110> slip.
o The cleavage plane in Y-CSZ was determined to be {110 }
according to fracture toughness values obtained for the {111}
and {110} crack planes using the indentation technique.
40
Analysis of Vickers indentation cross-sections also confirmed
that the {110} is a preferred cleavage plane.
41
VI. RECOMMENDATIONS FOR FUTURE WORK
o Slip systems can be directly determined through TEM burgers
vector analysis of dislocations surrounding indentations.
Analysis of the slip systems active at both low and elevated
temperatures would give direct confirmation of the results
presented. N. B. , since individual dislocations were not
distinguishable near room temperature indentations, annealing
the sample would be necessary to induce sufficient recovery to
allow dislocation analysis.
o There is the possibility that indentation creep at room
temperature may be associated with cracks growing beneath the
indenter. It could be argued that these cracks could grow in
size, allowing the indenter to sink deeper during indentation.
Therefore, an analysis of these internal cracks, using the
transmission optical microscopy method devised in this report,
would be beneficial.
o In the present study, observation of room temperature <100>
Vickers indentation slip lines was very difficult, due perhaps
to the SEM operating conditions and the extensive cracking
associated with this orientation and load. Application of a
lower indentation load and imaging with a Field Emission Gun
microscope (FEG) was attempted, but results were not
satisfactory. The coating appears to cover the slip lines if
42
the right thickness is not applied. However, if the samples
were left uncoated under low voltage conditions (FEG), the
observation of room temperature slip lines may be common.
Then an analysis concerning the effect of increasing
indentation dwell time on slip line appearance and number can
be performed (since any type of deformation behavior which can
be related to indentation time, signifies the presence of
indentation creep.)
43
~F~ .o~
Figure 1. Fluorite structure (CaF2 ) for C-Zr02(substitute "F" for "0" and "Can for "Zr").
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Figure 2. a) Creep curve portraying 3 stages of
creep at a constant stress and
temperature (elongation vs. time).
b) Creep curve showing the effects of
stress and temperature.
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Investigator
Engl and Heitkamp[15]
Year Material Studied (T/Tmp)
1936 Copper .215
Garafalo, Malenock
and Smith [16]
Mulhearn and Tabor[17]
Merchant[18]
Steele and Donachie[19]
1953 Austenitic stainless
1960 Lead
1964 H-ll tool steel
1965 Armco Iron
.18
.295
.175
.26-.55
Chen and Hendrlckson[20] 1971 Silver .25
Mitsche and Onitsch[21]
Walker and Demer[22]
Westbrook and
Jorgensen[23]
Akins, Silverio and
Tabor[24]
Westwood et al.[25-28]
Walker[29]
1948 NaCl, galena, fluorite -<.3
calcite, corrundum
1964 LiF, MgO .263, .15
1965 LiF, KBr, corrundum -<.3
germanium
1966 NaCI, LiF, MgO .27, .26,.15
1967-9 MgO .15
1973 LiF, MgO, NaCl, U02 -<.3
AgCl, CsCI
Brookes, Burnand
and Morgan[30]
Carter, Henshall and
Hooper[7]
1975 NaCl, LiF, MgO
1988 ZI02
.27, .26, .15
.1
Table I. Literature Review: Indentation Creep at
Low Homologous Temperature
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•
time t1
.: - .
Figure 3. Indentation method used for measuring
creep behavior of materials; Vickers
indent impressions at tl and t2(>tl).
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Figure 4. Log Knoop hardness vs log dwell time
for single crystal Y-CSZ, along <110>
on {Ill} face showing indentation
creep [7].
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Figure 5. Channeling pattern on Y-CSZ wafer
portraying <110> orientation with
respect to reference scratch
on wafer surface.
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i',
'.
':
a c
Figure 6. Vickers indentations (1 Kg load, Optical):
a) <110> oriented
b) <100> oriented
c),d) off <100> or <110>
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Zirconia SUbstrate
Alumina Block
5mm
1 mm
4mm
Figure 7. Hot hardness sample, showing placement
of zirconia substrate, polished side up.
51
Determine sUbstrate
crystallographic
ori entat ion
Mechanical polishing
.of-----~I to 20 um
,Ir
,I. .
Mount copper rings
onto substrate
,If
Break away
individual samples
from sUbstrate
TEM Observation
-
-
Indent using a 109
load and Vickers
Indent
Ion beam thin
at .4 mill1amps,
4 kV for 30 hrs
Ir
Carbon Evaporation
Figure 8. TEM sample preparation flow chart.
S2
Figure 9. Vickers indentations (300g load, SEM;ETEC):
a) <110> oriented
b) <100> oriented
S3
<100> Indent
+
[001]
Indent Crack "C"
[010]
(ITT)
Indent Crack "C"
[221 ]
( 110) Cross-section
Figure lOa. Description of "e" type crack resulting
from <100> indentation; possible {110} crack
plane.
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[001]
<1 10)
<100> Indent
+
Indent Crack "COO
[010]
[l 10]
Indent Crack "COO
(110) Cross-section
[001]
Figure lab. Description of "e" type crack resulting
from <100> indentation; possible {111} crack
plane.
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Figure 11. Room temperature Vickers <100>
indentation slip lines:
a) exterior to indent marked X (SEMiETEC)
b) inside indent marked Y (SEMiETEC)
c) exterior to indent marked X (Optical).
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a. (t 00) Slip
b. (t 10) Slip
c. (111) Slip
Resulting
Surface Trace
(top view)
<100>
<100>
~)
Figure 12. possible slip planes and the resulting
slip traces on {100} plane of Y-C5Z.
a) {100} slip
b) {110} slip
c) {111} slip
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Figure 13. a) Vickers <110> indentation (300g load)
showing surface texture inside
impression (SEMiETEC).
b) Vickers <100> indentation (200g load)
showing what appear to be slip lines,
inside the impression, directed
in the <110> direction (SEMiETEC).
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Figure 14. a) Vickers <100> indentation (lOg load)
showing directional surface texture
of impression, marked "Y" (TEM).
b) Vickers <100> indentation (lOg load)
showing slip lines, marked "5" (TEM).
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Figure 15. Knoop indentation (300g load) (SEMiETEC):
a), c) <100> oriented
b), d) <110> oriented
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Figure 16. Knoop indentation creep (3009 load)
for <110> and <100> orientation.
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Figure 17. Knoop indentation creep (300g load)
for <100> orientation in "vacuum" and
atmospheric ("air") conditions.
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Figure 18. Knoop indentation creep (300g) for <100>
orientation in atmospheric ("air")
and "wet" conditions.
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A
[100]
tL:11Ol:1 / 88 /// [010]
I
A I
I
TABLE ll. CRACK SIZE MEASUREMENTS
FOR KNOOP <100> INDENT
Time
(Sec)
10
100,000
Average Crack Size
(microns)
A
8.46 +/- 2.58
8.48 +/- 2.34
B
12.13 +/- 4.58
14.53 +/6.92
Figure 19. Measurements of Knoop <100> indentation
cracks "A" and "Bn; Table II, describing
lack of crack growth with
indentation dwell time.
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Figure 20. Knoop <100> indentation creep
(300g load,SEM;ETEC):
a) indentation dwell time of lOs
b) resulting indenation
at a dwell time of 50,000s.
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(100) Plane
a)
<110> Ori ented Vi ckers Indents
(l00) Plane
b)
<100> Oriented Vickers Indents
(l00) Plane
(110) Plane
(l00) Plane
(1 10) Plane
Figure 21. Arrangement of Vickers indentations
on {100} for cross-sectional view (viewing
through {110} plane):
a) <110> Indentations
b) <100> Indentations
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Indent Crack "A"
(l 10)
<110> Indent
)(
1
[001]
[01.0]
[110]
[001]
(1 10) Cross-section
Figure 22a. Description of crack resulting
from Vickers <110> indentation; nAn crack.
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[001]
( 110)
<100> Indent
+
Indent Crack "C"
[010]
[110]
Indent Crack "C"
(J 10) Cross-section
(
[001]
Figure 22b. Description of crack resulting
from Vickers <100> indentation; "e" crack.
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Figure 23. Cross-sectional view of Vickers indentations
(viewing through {110} plane):
a) <110> indentation; Crack "A" along {110}
b) <100> indentation; Crack "c" along {110}
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AA
<001>
\
\ B
\
\
\
54.7 Deg.
<11 0>
\ B
\
\
\
\
Figure 24a. Orientation of Vickers indents on{110} surface of Y-CSZ for fracture
toughness measurements; measured cracks
"AA" and "BB" as oriented.
70
--------------------_..
b)
1
[001]
c)
uTo)
[001]
[010]
(1 T1>
[010]
Figure 24. Orientation of Vickers indents on
{110} surface of Y-CSZ for fracture
toughness measurements:
b) "AA" crack along {110} plane.
c) "BBn crack along {111} plane.
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CRACK PLANE CRACK LENGTH (C) TOUGHNESS (K)
(microns) (MPa.m 1/2)
HARDNESS
(OPa)
{IlO}
{Ill }
34.36 +/- 1.05
28.15 +/- .92
1.10 +/- .05
1.48 +/- .07
14.31 +/- .63
14.25 +/- .27
Figure 25. Crack length measurements of Vickers
indentations on {llO} surface plane;
Table II: Crack Lengths, Hardness
and Toughness Values
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<001>
I
I
j
Figure 26. Vickers Indentations;cracks along the
{110} crack plane are longer than cracks
along the {111} crack plane (SEM;ETEC):
a) <001> orientation; {110} crack plane.
b) orientation of 57 0 off <110>;
{111} crack plane.
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Figure 27. Vickers <100> indentations at 500 oC
(Optical, Nomarski interference contrast):
a) indentation dwell time of lOs
b) indentation dwell time of 10,000s
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Figure 28. Vickers <100> indentations at 10000 oC
(Optical, Nomarski interference contrast):
a) indentation dwell time of lOs
b) indentation dwell time of 10,000s
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Figure 29. Vickers <100> indentations at 500 oC
(SEM, JEOL 733 Superprobe):
a) indentation dwell time of lOs
b) indentation dwell time of 10,000s
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Figure 30. Vickers <100> indentations at 1000 oC
(SEM, JEOL 733 Superprobe):
a) indentation dwell time of lOs
b) indentation dwell time of 10,000s
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Figure 31. Indentation creep in single crystal Y-CSZ;
Room temperature (RT), 500 oC and 1000 oC.
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Figure 32. Indentation creep in polycrystalline Y-CSZ;
Room temperature (RT), 500oC, 10000C
and 1200 oC.
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Figure 33. vickers indentationiPolycrystalline
Y-CSZ (SEM, JEOL 733 Superprobe):
a) at room temperature
b) at 1400 oC
80
Figure 34. 500 oC Vickers indentationipolycrystalline
Y-CSZ (SEM, JEOL 733 Superprobe):
a) indentation dwell time of lOs
b) indentation dwell time of 10,000s
81
Figure 35. 1000 oC Vickers indentation;polycrystalline
Y-CSZ (SEM, JEOL 733 Superprobe):
a) indentation dwell time of lOs
b) indentation dwell time of 100s
c) indentation dwell time of 1,000s
82
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